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Introduction
Oxide dispersion strengthened (ODS) tungsten heavy alloys have been developed as materials oering superior strength at elevated temperature and improving ductile to brittle fracture and the self-sharpening behavior of tungsten heavy alloys [13] . These special properties can be attributed to a uniform distribution of oxide dispersoids, which impede the movement of dislocations and retard recovery and recrystallization processes [47] . The ODS alloys were normally produced by mechanical alloying, which is a solid-state powder metallurgy processing technique that involves repeated cold welding, fracturing and rewelding of powder particles. The mechanical alloying of tungsten heavy alloys has been the subject of many studies [810] . A wide range of operating parameters has been investigated such as the milling atmosphere, the process control agent (PCA) and grinding media materials [1114] .
During the mechanical alloying process, formation of dierent intermetallic compounds can result in a significant eect on microstructural development and material properties. In heavy tungsten alloys, the addition of small amounts of Ni, Fe elements in a tungsten matrix promote liquid phase sintering and the binder phase γ(Ni, Fe) is normally formed between tungsten grains after sintering. This phase plays an important role in determining material properties, particularly in the densication and the improvement of the ductility of the alloy [8, 9] . Therefore, in this work, in order to produce a large amount of the γ(Ni, Fe) phase with a uniform and rened structure, the standard procedure of fabrication * corresponding author; e-mail: chunliang@mail.ndhu.edu.tw of ODS tungsten alloys by mechanical alloying has been modied. A secondary ball milling method was introduced to synthesize tungsten-based ODS alloys reinforced with the γ(Ni, Fe) phase and to achieve a rened and homogeneous microstructure.
Experimental procedure
The material used in the present study has composition W-5Ni-2Fe-0.3Y 2 O 3 (in weight percent). Initially, the elemental powders of nickel and iron were pre-milled for dierent periods: 0, 6, 12, 18, and 24 h to investigate the formation of the γ(Ni, Fe) phase analyzed by X-ray diraction (XRD). The pre-milled powders of the Ni-Fe alloy system for 24 h of milling were then further secondarily ball milled with tungsten powders and Y 2 O 3 nanooxide particles for additional 18 h to achieve homogeneity and renement of the γ(Ni, Fe) phase distributed in the tungsten matrix. The milling procedure mentioned above named as secondary milling is applied in this work. In addition, a standard milling procedure was used for comparison. All dierent powders of tungsten, nickel and iron with nano-oxide particles were milled for 36 h. In this case, we named this procedure as primary milling.
The mechanical alloying process was performed in an argon atmosphere using a planetary ball mill (Retsch PM 100). Milling experiments were carried out using a tungsten carbide grinding medium with a ball to powder ratio of 10:1. The powders were loaded and sealed in a glove box protected by a highly puried argon atmosphere to avoid oxidation. The mechanically alloyed powders were then sintered in a mixed hydrogenargon atmosphere at 1400
• C for 30 min. The formation of the γ(Ni, Fe) phase during pre-milling and phase characterization of the synthesized powders were conducted using X'PERT PRO XRD with Cu K α radiation. The crystallite size and lattice strain was estimated using Scherrer's formula as
where B r is the total broadening due to crystal rening and lattice strains, λ is the X-ray wavelength, t is the crystallite size, θ is the Bragg angle and η is the strain in the material. The microstructure of the milled powders and sintered specimens was examined using a JEOL JSM-7000F eld-eect scanning electron microscopy (FE-SEM) and FEI Tecnai F20 G2 Field Emission Gun transmission electron microscopy (TEM).
3. Results and discussion 3.1. Microstructural observations during ball milling pigF TF iw imges of the sintered smples using @eA the primry milling nd @fA seondry milling methodsF 3.3.2. TEM Figure 7A shows the bright-eld TEM micrograph of the sintered model alloy with the primary ball milling procedure and the γ(Ni, Fe) phase was found to form between the tungsten grains. The use of a primary milling method provides a rapid transport path allowing the Ni, Fe elements to diuse more rapidly into the tungsten matrix and thus the solubility of the alloy system can be extended, leading to an increase in the lattice parameters. Figure 7B This is well known as deformation-induced twinning [16] .
In the present work, the secondary milling was the preferred mode of deformation for formation of the twinned crystal structure. In addition, Fig 
Conclusions
In this paper, a secondary ball milling method has been applied to synthesize tungsten-based ODS alloys reinforced with the γ(Ni, Fe) phase to achieve desired structure and properties. The XRD patterns of pre-milled NiFe powders revealed that iron reection peaks of (200) and ( 
